Abstract
Introduction
A major difference between science and engineering has been stated as: -scientific activity tries to extend the boundaries of knowledge, preferably for a short boundary length of a specific knowledge region at a time, with reference to its existing knowledge base;
-engineering tries to create working systems, mostly within the boundaries and complex interactions of many knowledge and information regions. The processes and actors (operators) for any engineering improvements at local, regional, national and global levels need to be understood in a holistic way. Any change at one level will inevitably influence other levels, the viewpoints are hierarchical -a system is a member of a higher-order system, and can usually be divided into sub-systems. Changes will need to be planned with care, and will have some foreseen consequences, and some unexpected results. Engineering education should thus aim to instil that complex interactive holistic understanding. The theory of technical systems (TTS) [1, 2, 3 ] provides a comprehensive model from which this holistic understanding can be obtained, and presents a conceptual basis for qualitative thinking, especially useful in engineering education. The following sections present a brief and incomplete outline, with comments on context, relevance and applicability.
Theory of Technical Systems
According to ISO 9000:2005 [4] , a 'product' is defined as a 'result of any process'. A product is the operand in state Od2 at the end of a transformation process (TrfP), and is classified as: (a) hardware: a tangible, material object, with countable quantity; (b) software: information, and an intangible object (an insurance policy, a computer program, etc.); (c) service: the intangible result of an activity performed at the interface between a supplier and a customer; this includes provision of electricity, water, fuel, transportation, garbage removal, policing, wholesale and retail, advertising, delivery of information, providing ambience, etc.; and (d) processed material: a solid, liquid or gaseous (bulk) material that can be measured in units of volume, mass, energy, etc., e.g. plastics, fuel, grease, coolant.
To (a): a range of products was described in [2] 
Technical Systems -Life Cycle
The technical system TS(s), as subject and main operator of interest, is an artificial, human-made tangible product. Its typical life cycle consists of seven (classes of) transformation system, with relevant processes of: LC1 -product planning of the TrfP(s) and the TS(s); LC2 -designing of the TrfP(s) and/or the TS(s); LC3 -manufacturing planning, technological and organizational preparation for the subsequent life-cycle phases; LC4 -manufacturing and assembly of the TS(s); LC5 -distribution, sale, delivery of the TS(s); LC6 -operation of the TS(s) and performance of the TrfP(s); LC6a -servicing, maintaining, repairing the TS(s); and LC7 -liquidation of the TS(s), recycling. Each life-cycle transformation systems is comprised of other transformation systems -a hierarchical network. This leads to consideration of various concepts. Supply networks are needed to deliver raw materials and OEM (original equipment manufacturers) goods. OEM goods appear mainly as machine elements [6] , including electronic, hydraulic and others not usually found in mechanical products. The influences of globalization, suppliers world-wide, reducing local economies, and financing can be shown. Life-cycle processes are influenced by their environments, but also have impacts locally and globally. The context to design engineering should be obvious.
Properties, Behaviour
The process, and all operators in their existing 'as is' state, exhibit typical classes of properties. Each process and TS-operator consists of elements and relationships that form structures of several kinds that have been found useful for conceptual design engineering. The primary classes of properties for a transformation process, TrfP, are shown in figure 2 , and for a technical system, TS, in figure 3 . All actual properties can be allocated into these classes -no other classes are needed. In each case, the observable properties can generally be deduced, observed, detected, assessed and/or measured by a lay person from the appearance and literature of the product. The classes of TS-mediating properties comprise (a) the TS-intrinsic design properties of technical information and accumulated experience, including action locations, technological principles, mode of action, available effects, principles of form-giving, and many others, is often organization-specific, and is of little interest to science; and (b) the TS-general design properties which relate to the applicable engineering sciences. The TS-elemental properties are directly controlled by engineering designers, and some of these are manifested in some TS-observable and TSintrinsic design properties.
Elements of a transformation process are also hierarchically transformation processes, down to those that are no longer usefully sub-divided -operations. Among the TS-elemental properties are the various possible TS-structures, see figure 5 . 
TS-Inputs, Outputs, Effects
In order to fulfill its purpose, to drive a TrfP, the TS(s) must receive expected (and assisting and secondary) inputs consisting of materials, information and energy (M,E,I). The TS(s) in its TS-internal processes converts the M,E,I into its expected (and secondary) outputs, using its mode of action. The most significant output of a TS is its effects (M,E,I), deliverable via the technology to cause change in the operand. Secondary inputs can result in disturbances of the expected behavior, secondary outputs may be useful for other purposes, or add to waste and pollution. The modes of action may include mechanical, hydraulic, pneumatic, chemical, electronic/analog, electronic/digital, electrical, nuclear, biomedical, and others, singly or in any hybrid combination. The contexts and complex interactions of the individual engineering sciences are therefore an important element of engineering education that has often been neglected. TS thus include active or reactive hybrid and high-tech devices, in a static and/or dynamic mode. The transformation can only be achieved if the TS is operational (capable of operating or being operated, fulfilling its TS-internal and cross-boundary functions) and delivers the desired effects, via the technology, to the operand of the TrfP.
Development in Time
In the past, TS were developed and adapted to local situations in slow evolution by 'directed trial and error correction', by craftsmen using their accumulated experience. An example is the range of horse-drawn carts (e.g. in England) that vary according to the geographic region and topography. Scientific research on how the TS perform their tasks usually followed much later, e.g. steam engines -that sequence has recently reversed, some scientific research now leads to some new products. As cultural needs progress, and technological and scientific information increases, many products are developed to a better state -which in turn produces other cultural needs and more technological and scientific information. The level of available technological and scientific information influences the development of each individual sort of technical and transformation system, and thus enables and limits the cultural changes that can be implemented -explaining the development of civilizations over centuries. Such developments in time can be traced, for instance the generations of personal cars.
Requirements
Anticipating a future TrfS involves establishing the requirements for the future conditions, including those that arise from the producing organization. Requirements are closely related to properties, but their scope and information content are different. Requirements can typically set limits. Properties show the actual achieved values (preferably within the required limits), but do not allow conclusions about the initiating limits. The two states of TrfP and TS can be illustrated, (1) existing, 'as is', with properties measurable, assessable or latent, e.g. a 'diameter of 15.9836 mm', and (2) future, 'as should be', with only requirements to demand or limit the properties, e.g. 'a diameter requirement of 16 mm' with tolerance grade 'h7', and heuristics to guide designers to establish and select the properties. The 'as is' state precludes finding the 'as should be' requirements -e.g. if the diameter 'as is' conforms to the requirement, the tolerance may have been 'h7', 'h8' or 'h11'. The 'as is' TrfP(s) and TS(s) cannot carry information about any alternatives that were considered during life-cycle phases LC1 -LC3. It also cannot carry information about any requirements or constraints from the life-cycle phases -the TrfP(s) and TS(s) remain within the constraints. Consequently, the primary classes of requirements are shown in figure 4 . Class Rq1 contains requirements for the organization, related to TS-life cycle phases LC1 -LC3. Class Rq2 contains requirements for the transformation process, analogous to figure 2, classes Trf-Pr1 -TrfP-Pr5. Classes Rq3 -Rq11 contain requirements for the technical system, analogous to figure 3, classes Pr1 -Pr9. Classes Rq12 -Rq14 contain any requirements from both Trf-Pr6 -TrfPPr8 and Pr10 -Pr12. 
Theory of Design Processes, and Design Method
The theory of design engineering as proposed by Hubka [1, 2, 3] follows from the general model of a transformation system, figure 1. Initially, the design process is divided into five administrative phases: product planning, task defining, conceptualizing, embodying/laying out, and detailing. At the second hierarchical level, the stages and steps of a novel design process are summarized as: (Pa) establishing a design specification for the revised system (step P1); (Pb) analyzing the existing system into its organs and (if needed) its functions (reversing steps (P8) and (P7) of the novel procedure); (Pc) then following the last one or two parts of the procedure listed above for a novel system. Superimposed on the set of design operations, at the next lower level of the hierarchy, is a cycle of basic operations of problem solving, which consists of: Op-H3.1 -State the problem; Op-H3.2 -Search for solutions; Op-H3.3 -Evaluate, decide; Op-H3.4 -Communicate solution. These are supported by auxiliary operations of: Op-H3.5 -Prepare information; Op-H3.6 -Check, verify, reflect; Op-H3.7 -Represent. The last three were recognized by Hubka, but are rarely found in other schemes. Only those parts of this engineering design process that are thought to be useful are employed. This systematic approach to designing and synthesizing allows use of any other design method, including intuitive and opportunistic working. The need for such a theory-based systematic design process was discussed in [9] . Such an 'idealized' procedure cannot be accomplished in a linear fashion, iterative working is essential, using the model of problem solving [7] . Because TS are hierarchical, any proposed product can be sub-divided, and each sub-division treated as a design problem in its own right. The TS-internal and cross-boundary functions in higher TS can then acts as TrfP in designing the lower TS. The application and productivity of this design method based on the Theory of Technical Systems [1, 2, 3] has been verified in several industrial projects from the University of West Bohemia, e.g. [10] . It has also been demonstrated in several case studies [3, 11, 12] .
Closure
The context of the theory of technical systems [1, 2, 3] shows clearly why engineers should develop a wide and holistic outlook and insight. Engineering is not merely 'applied science' -science can be applied for analysis, and as heuristic for synthesis. Nevertheless, engineering requires a wider collection of information, skills and abilities.
Engineering provides the tools, and is one of the basic building blocks (interacting with all others) for influencing the development of any culture. TTS also demonstrates clearly why in engineering education a narrow emphasis on the analytical engineering sciences is necessary, but by no means sufficient to produce a well-rounded and functioning engineer.
